Introduction
Migration of hematopoietic stem and progenitors cells during embryogenesis, retention of these cells in the adult bone marrow microenvironment and the distribution of committed progenitors to various adult tissues under steady state conditions or during inflammation is regulated in part by adhesion receptors, including integrins [1] [2] [3] . However, our current understanding of integrin Mast cells are bone marrow (BM) derived cells that play an essential role in normal host defense, and various allergic diseases [8] [9] [10] . Mast cells are recruited into tissues by the release of their precursors from the bone marrow into the peripheral blood, followed by the migration of these precursors into various tissues, including mucosal and connective tissues [8] [9] [10] [11] [12] . Mast cells express 1 and 7 integrins and ligation of these integrin receptors modulates mast cell functions 13 . In only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From 4 vivo, functional blockade of 4 integrin inhibits mast cell activation in a rat model of airway hyper-responsiveness, due in part to impaired migration of these cells to the sites of airway inflammation 14 . Further, mast cells isolated following an intestinal nematode infection express high levels of 4 7 integrin while mast cells isolated from peritoneal cavity, express mainly 4 1 15 . Thus, integrins may be differentially expressed by mast cells in response to environmental cues. Alternatively, selective expression of integrins might occur during the development of different mast cell subtypes, which could dictate the migration of committed mast cell precursors to appropriate tissues 16 .
Recently, Gurish et al, utilizing 7 integrin-deficient mice demonstrated a critical role for 4 7 in the migration of mast cells to the small intestine, but not to other tissues 13 . Along with a specific role for 4 7, a role for the c-Kit receptor in migration of mast cell progenitors to the small intestine was suggested 13 . Interestingly, similar to the mast cell deficiency seen in 7
integrin-deficient mice, mutations in the c-Kit receptor or its ligand, SCF, are also associated with reduced intestinal mast cell progenitors, despite normal numbers of mast cell progenitors in the BM 13 . Thus, cooperation between c-Kit and 4 integrin may play an essential role in the migration of mast cells to the small intestine.
Evidence for functional cooperation between c-Kit and integrins has been demonstrated previously 17, 18 24 . Further, our laboratory has recently shown that 4 1 and 5 1 can differentially regulate survival and proliferation of erythroid progenitors in response to c-Kit activation 25 .
However, in spite of these previous studies, the role of c-Kit and integrin-derived signals in regulating haptotactic migration of BM-derived mast cell progenitors in vitro or in vivo has not been directly examined.
In fibroblasts, small GTPases of the Rho family are regulators of actin cytoskeleton 26 .
Microinjection of RhoA, Rac1, or Cdc42 in fibroblasts triggers the formation of stress fibers, consequently on integrin directed migration is poorly understood. Given the importance of c-Kit and 4 integrin generated signals in hematopoietic cell development and function, the essential requirement for 4 and c-Kit in the migration of mast cells in the small intestine, and the known interactions between receptor tyrosine kinases (RTKs) and integrins in directed migration of nonhematopoietic cells, we hypothesized that coordinate activation of 4 integrin and c-Kit controls the directed migration of mast cells. In the present study, we define a novel role for cKit receptor tyrosine kinase in regulating integrin directed migration on fibronectin via the class I A PI-3Kinase and Rac pathway in primary mast cells. Infection of mast cells was performed as described above.
Integrin directed (haptotaxis) migration assays
Integrin directed migration (Haptotaxis) assays were performed as previously described 41 .
Briefly For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From bottom surface of the membrane were stained with 0.1% crystal violet in 0.1 M borate, pH 9.0, and 2% ethanol for 20 minutes at room temperature as previously described 41 . The number of migrated cells per membrane were counted with an inverted microscope using 20X objective lens. As a control, cell migration on BSA was also determined and was < 0.001 % of the total cell population.
Immunoprecipitation
Immunoprecipitations (IPs) were performed as previously described 42 . Briefly, factor starved mast cells expressing either the wildtype or the 719 mutant CHR were stimulated with M-CSF for 10 minutes. Thereafter, cells were lysed in lysis buffer (10 mM K 2 HPO 4 , 1 mM EDTA, 50 mM EGTA, 10 mM MgCl 2 , 1 mM Na 2 VO 4 , 50 mM -glycerol phosphate, 10 ug/ml aprotinin, 10 ug/ml leupeptin, 1 ug/ml pepstatin A (pH 7.2). Lysates were clarified by centrifugation at 10,000 analysis using an anti-p85 antibody was performed (Santa Cruz Biotechnology). Supersignal west dura extended duration detection system (Pierce, Rockford, IL) was utilized according to the manufacturers instructions.
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Rac activation
The expression of HA-RacN17 was determined by WB analysis. Equal amount of protein from mast cells expressing either the empty vector (MIEG3 only) or MIEG3-RacN17 were fractionated on 10% SDS-PAGE gel and transferred to nitrocellulose membrane. Expression of HA-RacN17 was determined by using an anti-HA antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Rac activation was performed by depriving mast cells of serum and growth factor for 20 to 24 hours, followed by stimulation for various time points with 100 ng /ml of SCF (Amgen, Thousand Oaks, CA). Rac activation was determined using a Rac activation assay kit (Upstate Biotechnology) according to the manufacturers protocol and as described previously 43 .
Enumeration of mast cells in vivo
Six week old female mice were used for determination of mast cell numbers in the dermis (ear) and the peritoneal lavage of wildtype and Rac2-/-mice. Tissues were fixed and stained with toluidine blue. Peritoneal mast cells were obtained from wildtype and Rac2-/-mice by injecting 10 ml of PBS into the peritoneal cavity of mice. The peritoneal cavity was washed for 1 minute with constant agitation, 5 mls of peritoneal lavage cells were harvested, centrifuged, and resuspended in 1ml of PBS. Total cells were counted using a hemocytometer, and differential cell counts were performed by cytospin cell preparations stained with Diff-Quik Stain Set (Dade Behring AG, Switzerland). Peritoneal mast cells were identified morphologically according to the criteria described previously 44 .
Results

Activation of c-Kit induces 4-integrin directed (haptotactic) migration in mast cells
Previous work including the analysis of mice deficient in the expression of c-Kit and 4 integrin have suggested an essential role for these two molecules in normal hematopoietic development and function. However, the role of these two molecules in directed migration of hematopoietic only.
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p85 -/-mast cells show reduced c-Kit induced migration and Rac activation
To further confirm the role of p85 in c-Kit induced migration of mast cells, we examined mast cells from mice deficient in the expression of the p85 subunit of class I A PI-3Kinase 38 . Figure 6B ). These results strongly implicate Rac-GTP in the haptotactic migration of mast cells. However, since RacN17 will inhibit all isoforms of Rac (1,2,3), these studies do not determine which specific Rac is critical for this migration.
Consistent with our previous observations (Figures 3 & 4C, respectively), p85 -/-
Rac2-/-mast cells demonstrate impaired integrin and c-Kit induced haptotactic migration
Directed migration involves multiple steps, including cytoskeleton reorganization, polarization, cell adhesion, and detachment. In non-hematopoietic cells, a significant part of this process is regulated by Rho family GTPases, including Rac. Since we have previously demonstrated an essential role for the hematopoietic specific Rho GTPase, Rac2, in SCF-induced chemotaxis in only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From mast cells 40 , we next determined whether integrin directed migration was affected by the deficiency of Rac2. Rac2-/-mast cells were generated and analyzed for migration on FN (CH296) in the absence or presence of SCF. As shown in Figure 7 , loss of Rac2 resulted in approximately 90% inhibition in integrin directed migration in spite of the presence of Rac1 in these cells 40 . While deficiency of Rac2 also reduced adhesion to FN (data not shown) 40 In vitro, we demonstrate that loss of PI-3Kinase activity and reduced haptotactic migration in PI - One of the important questions that will require further investigation is how integrin and c-Kitderived signals are integrated and modulate the activation of PI-3Kinase and Rac in mast cells.
One mechanism might involve the physical interaction (clustering) of key components of both signaling pathways 63, 64 . Co-clustering of integrins and growth factor receptors appears to require association with the cytoskeleton and recruitment of downstream signaling molecules.
Aggregation of these molecules has been thought to bring both adhesion-and growth factormediated signaling closer to manifest activity 64 . Recent reports have documented the interaction of v 3 with the insulin and PDGF receptors in fibroblasts 65 . However, in our hands we did not 
